Abstract The efficiency of lower hybrid current drive (LHCD) for limiter and divertor configurations in the EAST tokamak is investigated using hot electrical conductivity theory and experimental formulas. The results indicate that the efficiency of current drive in divertor geometry is slightly higher than that in limiter one. To interpret the experimental results, the GENRAY code is applied to calculate the propagation and absorption of the lower hybrid wave (LHW) in different configurations. The numerical results show that the variation in the parallel refractive index (N // ) between the two configurations is quite large. Transformer recharging experiments were also successfully conducted in EAST. By means of the Karney-Fisch method, the absorption index (α) and the upshift factor of refraction (β) for the LHW are obtained. In addition, the maximum recharging efficiency in EAST is about 4% in the divertor configuration, with a line-averaged electron density of ne − av = 0.7 × 10 19 m −3 .
Introduction
Since the theory of radio frequency (RF) current drive in plasma was proposed by N. J. Fisch in 1978, both theoretical and experimental studies of lower hybrid current drive (LHCD) have been developed rapidly. As one of the most efficient methods to drive noninductive current, LHCD has been applied in many tokamaks around the world, such as Alcator C-Mod, FTU, TRIAM-1M, JET, JT-60U, Tore Supra, HT-7 and EAST. Generally speaking, the lower hybrid wave (LHW) is capable of providing the required off-axis current drive for advanced tokamak studies of steadystate operation, as well as for saving volt-seconds in the current ramp-up phase [1] . It can also be used to obtain H-mode discharges [2] and to establish an internal transport barrier [3] . An LHCD system in ITER, with 20 MW/5 GHz is now being built up. With its application, a steady-state scenario, namely Q ∼ 7 at I p = 8.5 MA over 3000 s, could be expected [1] . However, the density limit problem [4, 5] , where LHW may not penetrate the plasma core because of plasma density fluctuations and parametric decay instabilities (PDI), is a challenge for LHCD in ITER since the density in the peripheral plasma in ITER is relatively high (n e−0.8 ≈ 0.7 ∼ 1 × 10 20 m −3 at the normalized minor radius of r/a = 0.8, and a similar value at the magnetic axis) [6] . Several studies clearly highlight the degradation of current drive (CD) efficiency at lower densities than those necessary for ITER. In JET, LHW cannot penetrate into the plasma core with a plasma edge density of n e−0.8 ≈ 0.3 × 10 20 m −3 (and n e0 ≈ 0.5 × 10 20 m −3 ) [7] . In the early FTU experiments, LHCD was seen only up to a line-averaged density of n e−av ≈ 1.3 × 10 20 m −3 and edge density of n e−0.8 ≈ 0.4 × 10 20 m −3 [8] . Similarly, experiments in ASDEX showed that CD efficiency already became weaker for n e−av ≈ 0.25 × 10 20 m −3 [9] . Fortunately, encouraging progress has been achieved recently, indicating that in the ITER range of density (n e−av ≥ 0.8 × 10 20 m −3 ) for the steady state, the degradation of CD efficiency is negligible [10] , and furthermore new experiments performed in FTU with a high electron temperature in the plasma periphery (roughly T e ≥ 0.2 keV at r/a = 0.8) suggested that LHW can penetrate into the plasma core at a reactor-grade density, resulting in current drive in the plasma core. The LHCD effects indicated by the considerable increase in hard X-ray emission are observed in FTU even at n e0 ≈ 5 × 10 20 m −3 , n e−av ≈ 2 × 10 20 m −3 and n e−0.8 ≈ 0.85 × 10 20 m −3 , which have so far been considered the upper limit for LHCD operation [6] .
CD efficiency is a critical physical quantity in LHCD experiments, and its value is determined by electron density, toroidal magnetic field, LHW parallel refraction index, electron temperature, plasma geometry, and so on [11∼14] . Related experiments have been carried out in Tore Supra [15] and PBX-M [16] to study the ef-fect of different configurations on CD efficiency. This paper is arranged as follows. In section 2 a brief description of the experiments is given. In section 3 the LHCD efficiency in different configurations is presented as investigated experimentally and simulatively, followed by an examination of transformer recharging using LHCD. The final section contains our conclusions.
Experimental description
EAST (with a major radius of 1.86 m and a minor radius of 0.44 m) is a fully superconducting tokamak with the flexibility of a double or single null divertor and limiter configurations. The missions of the EAST tokamak are to realize long duration discharge (1000 s) with the help of non-inductive current drive and to explore advanced plasma configuration scenarios. The present LHCD system in EAST operates at f = 2.45 GHz and consists of 20 main multi-junction waveguides arranged in an array of 5 rows and 4 columns (one main waveguide consists of four subwaveguides). In this study, all of the experiments (with limiter and divertor geometry) have been conducted with an LHW parallel refraction index of N peak // = 2.1 and a toroidal magnetic field of B t = 2.0 T.
3 Comparison of LHCD efficiency in different configurations
Experimental results and analysis
The experimental current drive efficiency is defined as
where I rf is the plasma current driven by LHW, n e−av is the line averaged density, R is the major radius of the plasma, and P in is the injected LHW power. Only when the loop voltage reaches zero (i.e. the plasma current is fully driven by LHW), can the CD efficiency be obtained from formula (1) . However, the loop voltage doesn't reach zero in the usual LHCD experiments. It is therefore necessary to introduce another method to estimate CD efficiency. According to Fisch's hot electric conductivity theory [17] , the total plasma current in the case of a non-zero loop voltage can be expressed as
where I ohm = V /R sp is the pure ohmic part and R sp is the Spitzer resistance, I rf = P in η 0 /n e−av R is the noninductive part driven by LHW when V = 0, η 0 is the fully non-inductive CD efficiency, I hot = V /R hot is the first cross-term and R hot is the hot resistance, inversely proportional to σ hot ds. The higher order cross-terms resulting from both RF power and loop voltage are neglected in Eq. (2). Since most LHCD experiments are performed at a constant plasma current, the loop voltage should drop correspondingly when the LHW power is injected. Assuming that the Spitzer resistance keeps constant, the total loop voltage drop is defined as
where V ohm is the loop voltage in the ohmic phase. Combining Eqs. (2) and (3), we can obtain
Defining P norm = P in /n e−av I p R and
where P norm is the normalized LHW power, η 1 is the CD efficiency caused by fast electron hot electrical conductivity, σ hot is the fast electron hot electrical conductivity and σ sp is the Spitzer conductivity. Following Eq. . It is clearly seen that the CD efficiency is higher in a divertor configuration than in a limiter configuration with two different line averaged densities. Similar experimental results were observed in the PBX-M tokamak with the hot electrical conductivity method [16] . By comparing Figs. 1 and 2, a conclusion can be drawn that CD efficiency increases with an increasing density at the present density range. The explanations may be as follows, and the theoretical CD efficiency is given by [18] η theo = 310 log Λ
where logΛ is the Coulomb logarithm, Z eff is the effective charge number, α is the LHW absorption index and N //abs = βN //0 is the absorption value of N // by electrons. Although the quantity of density is not involved in formula (6), the effective charge number Z eff is reversely proportional to the density. The variation in n e results in a change to the effective charge number Z eff , which is associated with the impurity concentration. A more detailed discussion of density dependence on CD efficiency can be found in Ref. [12] . In order to calculate the CD efficiency η 0 at V loop = 0, fully non-inductive current drive experiments in the limiter and divertor configurations were also performed in EAST. Fig. 3 shows two typical waveforms of fullwave current drive with the same line averaged density of n e−av = 0.7 × 10 19 m −3 . It is seen that during the full-wave current drive phase, the magnetic flux keeps constant and the loop voltage almost decreases to zero, i.e. the plasma current is sustained only by LHW. Note that in a limiter configuration, to drive a 200 kA plasma current, 750 kW LHW power was injected, whereas a higher plasma current of 250 kA was fully sustained by only 550 kW LHW power in a divertor configuration. Assuming the LHW absorption index α = 0.75 (i.e. P in = αP LH , where P LH is the launched LHW power), the value of CD efficiency at V loop = 0 calculated by expression (1) is made up of a part, ∆V rf , and an additional part, ∆V hot (i.e. ∆V tot = ∆V rf + ∆V hot ). The computed voltage drop is represented in Fig. 5 [17] as a function of the normalized power, where ∆V rf is proportional to P norm and is independent of the loop voltage. However, the contribution of the hot conductivity to the voltage drop disappears for P norm =0 and V loop = 0, and is at its maximum between the former conditions. According to Ref. [17] , the hot conductivity is proportional to P LH (i.e. σ hot ∝ P LH ) and a relation of I hot = V /R hot exists. With the increase in P LH , σ hot is enhanced, whereas V loop would decrease, and as a result the maximum value of ∆V tot is obtained in the middle of the P norm axis. 
Simulation results and analysis
In order to investigate the effect of the magnetic configuration on CD efficiency in detail, the GENRAY [18] code is used to simulate the propagation and absorption of LHW at different configurations in EAST. GEN-RAY is a general ray-tracing code for the calculation of electromagnetic wave propagation and absorption in the geometrical optics approximation. It provides a solution to the ray-tracing equations in general nonaxisymmetric geometry. Although the validity of the geometrical optics (WKB) is questionable when the wavelength is large, full-wave simulations have shown that the ray-tracing approach gives a satisfactory description of wave propagation at least in a few cases [19] . The magnetic configurations used for the calculation are obtained by using the EFIT code [20] , as shown in Fig. 6 . For both of the configurations, the temperature and electron density profiles are given by
where T e0 = 1.5 keV, T i0 = 1.0 keV and n 0 = 2 × 10 19 m −3 . The effective charge number Z eff is assumed to be constant at 3 throughout the plasma cross-section. In addition, the global parameters are as follows: major radius R = 1.86 m, minor radius a = 0.44 m, toroidal magnetic field B t = 2.0 T, plasma current I p = 250 kA, injected refractive index N //0 = 2.1 and launched power P LH = 750 kW. The modeling results of wave propagation and N // variation calculated by the GENRAY code are presented in Fig. 7 . The magnetic configuration is indeed critical for LH wave dynamics, which is also discussed in reference [21] . First, it has an influence on LH wave propagation, since the dispersion relation involves the local magnetic field value, which is illustrated by Fig. 7(a) and (d) . In a limiter configuration, the ray trajectory is almost symmetrically distributed throughout the poloidal crosssection, while in the divertor phase the ray propagates mainly between the top and bottom of the chamber. Moreover, the magnetic configuration also plays a crucial role in the variation in the parallel refractive index, hence affecting power deposition and current drive efficiency. In torus coordinates (r, θ, ϕ), the N // expression is given as [22] 
where B θ is the poloidal field, B ϕ is the toroidal field, Fig.7 Simulated results of wave propagation and LH current profiles for the limiter and divertor configurations: (a), (d) the poloidal ray trajectory; (b), (e) the variation in parallel refractive index (N // ) with the poloidal distance of ray trajectory (sp); (c), (f) normalized radius profiles of current drive density m is the poloidal mode number and n is the toroidal mode number. Owing to the toroidal effects, the poloidal mode m should be changed, although the toroidal mode n keeps constant during the wave propagation. From this equation we can see that the variation in N // is mainly related to the local magnetic field B, namely the N // variations should be different in different magnetic configurations, as shown in Fig. 7(b) and (e). It is seen that the N // spectrum is broadened toward the lower bound in diverted plasma, thus resulting in a higher current drive efficiency. However, further studies are required to identify the other mechanisms which have an influence on the CD efficiency, such as the experimental plasma temperature and scrape-off layer (SOL) parameters.
Transformer recharging experiments
As is well known, LHW power can be absorbed by resonant electrons, and consequently the toroidal current in tokamaks can be driven effectively. For simplicity, neglecting the effect of hot electrical conductivity to total plasma current, expression (2) yields
where V loop is the loop voltage induced by the transformer primary circuit, including an ohmic heating transformer and an equilibrium field transformer. Usually, the experiments are performed at a constant plasma current during LHCD applications, particularly in the EAST tokamak. In this operation scenario there are three statuses during the LHCD period. First, only part of the total current is sustained by LHW. Second, the plasma current is totally maintained by LHW, which is usually called full-wave current drive. In this case the loop voltage is almost kept at zero and the transformer doesn't provide energy for the plasma.
When full-wave current drive is realized, if the wave power continues to be increased, the third regime appears, in which only part of the wave power is needed to drive the plasma current and the rest is converted into poloidal electromagnetic energy (i.e. the transformer is recharged by LHCD). In this section, the behavior of power conversion is discussed using the Karney-Fisch theory, which was originally developed to analyze current ramp-up experiments and was subsequently extended to steady regimes [23] . Basically, the theory consists of plotting the dimensionless parameter P el /P in versus u = υ ph /υ r . Detailed descriptions of the two parameters are given as follows: P in is the total absorbed wave power by hot electrons (P in = αP LH ) and P el is the power flowing from these electrons into the poloidal field. These two parameters are related by P el = −I rf × V loop , where I rf can be calculated from the previous CD efficiency η 0 as follows: I rf = P in η 0 /n e R. υ ph is the parallel phase velocity of LHW given by υ ph = c/(N // β) and υ r is the electron runaway velocity defined as υ r = −sign(qE)|nq 3 ln Λ/4πε 2 0 Em| 1/2 , where E is the DC electric field and q is the quantity of electric charge. The normalized velocity u reflects the relative importance of the electric field and the collision in slowing down the hot electrons. A function of G = G(u, Z), which gives the correlation between P el /P in and u, is defined as [24] P el P in = ∂G ∂u
where Z is the effective ion charge number. By fitting the experimental data, the function can be used to estimate α and β, which are difficult to measure experimentally. Note that high β indicates low CD efficiency. The experimental data and fit curves for both the limiter and divertor plasma are shown in Fig. 9 . The three kinds of values of u (u < 0, u = 0 and u > 0) correspond to the three LHCD regimes (I rf < I p , I rf = I p and I rf > I p ) referred to in the preceding text. According to Fig. 9 , the lower density data are situated around the Z eff = 5 curve. Meanwhile, for the higher density regime, the data are situated almost between the curves of Z eff = 2 and Z eff = 5. This is because Z eff is the reverse to the electron density in general. All of the results shown in Fig. 9 prove that the previous assumptions for α and β are reasonable. Finally, the highest energy conversion efficiency (P el /P in ) obtained in EAST is about 4% in a divertor configuration, with a line-averaged electron density of n e−av = 0.7 × 10 19 m −3 . 
Summary
The CD efficiencies for the limiter and divertor configurations in the EAST tokamak have been investigated using hot electrical conductivity theory and experimental formulas. A comparison of the CD efficiencies in the different configurations shows that they are slightly higher in the divertor configuration than in the limiter phase. The correlation between the decrease in loop voltage and LHW power is also discussed. The modelling results with the GENRAY code indicate that the N // spectrum is broadened toward the lower bound in the diverted plasma, thus resulting in a higher current drive efficiency. In addition, the analysis of transformer recharging in EAST is reported by means of the Karney-Fisch method and a satisfactory fit is obtained. However, all of the experiments are performed with a single refractive index, N // = 2.1, and the results are analyzed without taking into account the effect of the relevant plasma parameters, such as the electron temperature profile and SOL conditions, which influence the LHW propagating in the two magnetic configurations differently. Further studies considering the above should be conducted in the future.
